Polybrominated diphenyl ethers (PBDEs), which are widely used as flame-retardants, have been increasing in environmental and human tissue samples during the past 20 -30 years, while other structurally related, persistent organic pollutants such as polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-pdioxins (on a TEQ basis), have decreased. PBDEs have been detected in human blood, adipose tissue, and breast milk, and developmental and long-term exposure to these contaminants may pose a human health risk, especially to children. Previously, we demonstrated that PCBs, which cause neurotoxic effects, including changes in learning and memory, stimulated the release of Polybrominated diphenyl ethers (PBDEs) are produced and used in large quantities as flame retardants in electrical equipment, plastics, and building materials. The global production of PBDEs is in the range of 80 million pounds annually (WHO, 1994); and, these compounds become ubiquitous contaminants in the environment because of their high production, lipophilic characteristics, and persistence (WHO, 1994). PBDEs have similar chemical structure and physicochemical properties (e.g., high lipophilicity and low reactivity) to other persistent pollutants such as polychlorinated biphenyls (PCBs) and dioxins (Fig. 1) . PBDEs have been detected in human blood, adipose tissue, and breast milk; and, long-term exposure to these contaminants during development may pose a health risk (Hooper and McDonald, 2000; Ryan and Patry, 2000; She et al., 2002; Sjodin et al., 2001) . Levels of PBDEs have been increasing in environmental and human samples (Hooper and McDonald, 2000; Noren and Meironyte, 2000) in the past 20 -30 years, while other persistent organic pollutants such as PCBs and dioxins (on a TEQ basis) have decreased. Initial data indicate that tissue concentrations of PBDEs in humans in North America are much higher than those of Europeans (Betts, 2002) . Recent reports indicated high levels of PBDEs in fish; PBDEs are as prevalent as PCBs in Lake Michigan and Virginia waters. Manchester-Neesvig et al. (2001) reported average concentrations of PBDEs in salmon of 80.1 ng/g wet weight, and these levels seem to be among the highest in the world for salmon in open waters. Hale et al. (2001a,b) 451-457 (2002) 451 PBDEs in 87% of 334 fish from Virginia fresh water, and carp from one stream there contained 47.9 mg/kg of total PBDEs, the highest fillet burden reported in the world so far. If the trends in PBDE levels in human milk, fish, and the environment continue over the next 15-30 years, these chemicals will replace PCBs and DDT as the major environmentally persistent organic pollutants.
Polybrominated diphenyl ethers (PBDEs) are produced and used in large quantities as flame retardants in electrical equipment, plastics, and building materials. The global production of PBDEs is in the range of 80 million pounds annually (WHO, 1994) ; and, these compounds become ubiquitous contaminants in the environment because of their high production, lipophilic characteristics, and persistence (WHO, 1994) . PBDEs have similar chemical structure and physicochemical properties (e.g., high lipophilicity and low reactivity) to other persistent pollutants such as polychlorinated biphenyls (PCBs) and dioxins ( Fig. 1) . PBDEs have been detected in human blood, adipose tissue, and breast milk; and, long-term exposure to these contaminants during development may pose a health risk (Hooper and McDonald, 2000; Ryan and Patry, 2000; She et al., 2002; Sjodin et al., 2001) . Levels of PBDEs have been increasing in environmental and human samples (Hooper and McDonald, 2000; Noren and Meironyte, 2000) in the past 20 -30 years, while other persistent organic pollutants such as PCBs and dioxins (on a TEQ basis) have decreased. Initial data indicate that tissue concentrations of PBDEs in humans in North America are much higher than those of Europeans (Betts, 2002) . Recent reports indicated high levels of PBDEs in fish; PBDEs are as prevalent as PCBs in Lake Michigan and Virginia waters. Manchester-Neesvig et al. (2001) reported average concentrations of PBDEs in salmon of 80.1 ng/g wet weight, and these levels seem to be among the highest in the world for salmon in open waters. Hale et al. (2001a,b) found This manuscript has been reviewed by the National Health and Environmental Effects Research Laboratory, U.S. Environmental Protection Agency, and approved for publication. Approval does not signify that the contents necessarily reflect the views and policies of the Agency, nor does mention of trade names or commercial products constitute endorsement or recommendation for use. Some of the data included in this report were presented at the 451-457 (2002) PBDEs in 87% of 334 fish from Virginia fresh water, and carp from one stream there contained 47.9 mg/kg of total PBDEs, the highest fillet burden reported in the world so far. If the trends in PBDE levels in human milk, fish, and the environment continue over the next 15-30 years, these chemicals will replace PCBs and DDT as the major environmentally persistent organic pollutants.
In spite of widespread occurrence in the environment, extremely limited information is available on the toxicology of PBDEs. Based on limited toxicity data and structural similarities with PCBs, toxic endpoints likely to be the most sensitive for PBDEs are cancer, liver damage, thyroid hormone disruption, and neurobehavioral toxicity (McDonald, 2002) . Regarding neurobehavioral toxicity, recent studies demonstrated that PBDE exposure can cause aberrations in spontaneous behavior and reduced learning and memory in mice (Eriksson et al., 1999 Viberg et al., 2000 Viberg et al., , 2001 ; the effects are similar to those seen after exposure to DDT or PCBs (Eriksson, 1997) . However, the mechanism by which these chemicals produce neurotoxic effects remains unclear.
Previously, we demonstrated that PCBs, which are structurally similar to PCBs and DDT and are known to cause neurotoxic effects, including changes in learning and memory in rats, perturbed intracellular signaling mechanisms (Kodavanti and Tilson, 2000) , including stimulation of [ 3 H]arachidonic acid ([ 3 H]AA) release by a cPLA 2 /iPLA 2 -dependent mechanism (Kodavanti and Derr-Yellin, 1999) in an in vitro neuronal culture model. However, it is not known whether these mechanisms are related to the developmental neurotoxic effects observed in humans or nonhuman primates. Membrane phospholipids of the brain contain high concentrations of AA (arachidonic acid), and AA release is involved in synaptic plasticity, such as long-term potentiation and other cell-signaling systems (Farooqui et al., 1997b; Katsuki and Okuda, 1995) . AA can be released by activation of phospholipases, predominantly by PLA 2 . AA itself affects the signaling pathway as a retrograde messenger, causing release of calcium from microsomal and mitochondrial stores (Huang and Chueh, 1996) , alterations in neurotransmitter release and uptake (Roseth et al., 1998, Cunha and Ribeiro, 1999) , and stimulation of protein kinase C (Luo and Vallano, 1995) . PLA 2 activity has been associated with learning and memory, and AA has been identified as a second messenger involved in synaptic plasticity (Wolf et al., 1995) . The objectives of the present study are: to (1) Sjodin (2000) . The prominent congeners found in most human and biotic samples range from tetra to deca (2,2Ј,4,4Ј-tetrabromodiphenyl ether, 2,2Ј,4,4Ј,5-pentabromodiphenyl ether, 2,2Ј,4,4Ј,5,5Ј-hexabromodiphenyl ether, 2,2Ј,3,4,4Ј,5Ј,6-heptabromodiphenyl ether, and decabromodiphenyl ether; Noren and Meironyte, 2000; Ryan and Patry, 2000; Sjodin et al., 2001; She et al., 2002) . DE-71 and DE-79 contain the prominent congeners found in biological samples and are representatives of lightly versus heavily brominated congeners. These two mixtures were tested to compare the effects of penta-versus octa-BDE mixtures.
MATERIALS AND METHODS
Chemicals. Radiolabeled [5, 6, 8, 9, 11, 12, 14, H(N)]arachidonic acid (210 Ci/mmol; Ͼ97% pure) was purchased from Dupont NEN Corporation (Boston, MA). PBDE mixtures (DE-71, Lot # 7550OK20A and DE-79, Lot # 8525DG01A) were a gift from Great Lakes Chemical Corporation (West Lafayette, IN) and PCB mixtures, Aroclor 1254 (Lots #124 -191; Ͼ99% purity) was purchased from AccuStandard (New Haven, CT) and Aroclor 1016 (Lot #F216A) was purchased from Ultra Scientific (North Kingstown, RI). All compounds were dissolved in dimethyl sulfoxide (DMSO) and the final DMSO concentration in the assay buffer did not exceed 0.4% (v/v). DMSO at this concentration did not significantly affect [
3 H]AA release.
Animals. Timed-pregnant female (16 days of gestation) Long-Evans rats were obtained from Charles River Laboratory (Raleigh, NC) and housed individually in animal facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Food and water were provided ad libitum. Temperature was maintained at 21 Ϯ 2°C, relative humidity at 50 Ϯ 10% with a 12-h light/dark cycle.
Cerebellar granule cell culture. Primary cultures of rat cerebellar granule neurons were prepared from 6 -8-day-old Long-Evans rat pups as outlined by Gallo et al. (1987) with modifications, Kodavanti et al. (1993) . Cultures were grown in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum and 30 mM KCl in 12-well plates (Corning Costar), with a plating density of 1.5 ϫ 10 6 cells/ml. Cytosine arabinoside was added 48 h after plating to prevent the proliferation of nonneuronal cells. Cultures were assayed for [ 3 H]AA release at 7 days in vitro, when they are fully differentiated and exhibiting fasciculation of fibers that interconnect the cells (Fig. 2) . Lazarewicz et al. (1990) and Tithof et al. (1996) . At 6 days in vitro, cell cultures were labeled for 16 -20 h with 1 Ci [ 3 H]AA per well. The cells were then washed once with modified Locke's buffer and twice with modified Locke's ϩ 0.2% BSA. Preincubation was for 10 min in modified Locke's ϩ 0.2% BSA, with or without the addition of pharmacological agents. The incubation time was 20 min, except in time-course experiments. The cells were exposed for 20 min to PBDE mixtures (0 -30 or -50 g/ml) or PCB mixtures (0 -30 g/ml) in the presence or absence of pharmacological agents in modified Locke's ϩ 0.2% BSA (1 ml) with or without extracellular calcium (without Ca 2ϩ , 0.3 mM EGTA). All the media were removed immediately after exposure for counting in a scintillation counter, and 1 ml of 0.5 N NaOH was added to lyse the cells in order to measure total incorporation of [ 3 H]AA.
FIG. 1.
Statistics. All the data (mean Ϯ SEM of 3-6 preparations, assayed in triplicate) were expressed as a percentage of total cellular radioactivity incorporation per well. The data were analyzed by a 2-way analysis of variance (ANOVA) with SigmaStat software, version 2.03 (SPSS Inc., Chicago, IL). In the case of significant interaction, step-down ANOVAs were used to test for main effects of PBDEs or pharmacological agents. Pair-wise comparisons between groups were made using Fishers LSD test. Since the data represented on a molar basis (Fig. 7C) could not be analyzed by ANOVA, we used the analysis of covariance to determine whether the linear regressions for Aroclor 1254 and DE-71 were parallel. If they were parallel, we then tested to see if the means of Aroclor 1254 and DE-71 were different (SAS, 1989) . The accepted level of significance was p Ͻ 0.05. (Fig. 3) . ANOVA indicated a significant interaction of concentration by PBDE mixture (F 5,36 ϭ 4.784; p ϭ 0.002). A post hoc test showed that the mostly penta-BDE mixture, DE-71, stimulated [
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3 H]AA release in a concentrationdependent manner (Fig. 3) . A significant effect was seen at a concentration as low as 10 g/ml. On the other hand, a mostly octa-BDE mixture, DE-79, did not stimulate [ 3 H]AA release, even at 50 g/ml (Fig. 3) . The lack of effect by DE-79 could be due to its low solubility when compared to DE-71. The release of [ 3 H]AA by DE-71 is time-dependent (Fig. 4) . ANOVA indicated a significant interaction of time and treatment (F 4,30 ϭ 27.365; p Ͻ 0.001). A post hoc test showed that significant increases in [
3 H]AA release were seen as early as after 5-10 min of DE-71 exposure, and increased with time (Fig. 4) (Kodavanti and Derr-Yellin, 1999) and in rat neutrophils (Tithof et al., 1998 (Fig. 6 ).
Comparative effects of PCBs and PBDEs on [
3 H]AA release. Since PBDEs are structurally similar to PCBs (Fig. 1) , we tested the effects of these two groups of chemicals on [ 3 H]AA release in order to understand the relative potency of PBDEs. The selected PCB mixtures used were Aroclor 1016 and Aroclor 1254. Figure 7A shows the concentration-dependent effects of DE-71 and Aroclor 1254 (on a weight basis), which are mostly penta-halogenated mixtures. ANOVA indicated a significant interaction of treatment and concentration (F 4,25 ϭ 4.228; p ϭ 0.009). These two penta-halogenated mixtures significantly stimulated [ 3 H]AA release starting at 10 g/ml (Fig. 7A) . On a weight basis, the effect was much greater with Aroclor 1254 (589% of control at 10 g/ml) when compared to DE-71 (275% of control at 10 g/ml (Fig. 7B) . The effect of PCB mixtures was much greater when compared to PBDEs on a weight basis (g/ml). PCB mixtures also initiated the response much earlier than PBDEs (Fig. 7B) . When the concentrations (g/ml) were transformed to a molar basis (M) based on the average/ approximate molecular weights of Aroclor 1254 (M.W. 326.77 pentachloro mixture) and DE-71 (M.W. 565.05 pentabromo mixture), the difference in the potency decreased considerably (Fig. 7C) 
DISCUSSION
Results from the present study demonstrate for the first time that PBDEs cause stimulation of [ 3 H]AA release in rat cerebellar granule neurons. This finding is consistent with previous studies on structurally related chemicals such as PCBs in neutrophils (Brown and Ganey, 1995; Tithof et al., 1996 Tithof et al., , 1998 , renal tubular cells (Sanchez et al., 1997 (Sanchez et al., , 2000 , and cerebellar granule neurons (Kodavanti and Derr-Yellin, 1999) . A similar effect was observed with organohalogen pesticides in rat neutrophils as well (Tithof et al., 2000) . Membrane phospholipids of the brain are rich in AA, and AA release is involved in synaptic plasticity, such as long-term potentiation and other cell-signaling systems (Farooqui et al., 1997b; Katsuki and Okuda, 1995) . AA has been shown to modulate ion channels and to regulate the activity of many enzyme proteins, such as protein kinase A, protein kinase C, and diacylglycerol kinase (Farooqui et al., 1997a) . In addition, AA has been implicated in pathophysiological processes including neurodegeneration (Farooqui et al., 1997a; Ross et al., 1998) . Thus, AA has been implicated in both physiological (synaptic plasticity) and pathophysiological (neurodegenerative) functions (Katsuki and Okuda, 1995 Further experiments focused on the mechanism by which PBDE mixture caused [ 3 H]AA release. Liberation of AA from membrane phospholipids mainly occurs by two pathways: through the activation of phospholipase A 2 (PLA 2 ) or by activation of phospholipase C (PLC). Although phospholipase D (PLD) is considered an alternative pathway, the involvement of PLD in the generation of AA has not been confirmed in the nervous system (Katsuki and Okuda, 1995) . Previous studies from our laboratory indicated that ortho-substituted PCBs (noncoplanar PCBs), which are structurally similar to PBDEs, stimulated [ 3 H]AA release in cerebellar neurons by activation of PLA 2 , which is both calcium-dependent and -independent (Kodavanti and Derr-Yellin, 1999) . These studies also indicated that the major factor of PCB-stimulated [ 3 H]AA release consists of a calcium-independent mechanism. A similar activation of calcium-dependent and -independent PLA 2 has also been demonstrated for PCBs (Brown and Ganey, 1995; Tithof et al., 1996) as well as organochlorine pesticides in rat neutrophils (Tithof et al., 2000) . Therefore in the present study, we examined the role of calcium and tested the effects of a PLA 2 inhibitor on DE-71-stimulated [ 3 H]AA release. Results from the present study indicated that DE-71-induced [ 3 H]AA release also requires the presence of calcium. In addition, MAFP, which inhibits both Ca 2ϩ -dependent and -independent cytosolic phospholipase A 2 (cPLA 2 /iPLA 2 (Basavarajappa et al., 1998; Lio et al., 1996) attenuated DE-71stimulated release of (Fig. 7A ) and the time-course of [
3 H]arachidonic acid release by 10 g/ml of PBDE or PCB mixtures (Fig. 7B) . Figure 7C shows concentration-dependent effects of Derr-Yellin, 1999) . We have also shown that polychlorinated diphenyl ethers (PCDEs) have similar effects on intracellular second messengers as noncoplanar PCBs (Kodavanti et al., 1996) , demonstrating the role of noncoplanarity. PBDEs are also noncoplanar in nature as PCDEs and noncoplanar PCBs. Both calcium-independent and -dependent cPLA 2 are present in the rat cerebellum (Molloy et al., 1998) Although the efficacy of PBDEs seems to be lower when compared to PCBs on a weight basis, they are almost equally potent on a molar basis. For example, mostly the pentachlorinated mixture of PCBs (Aroclor 1254) at 10 g/ml stimulated [
3 H]AA release during a 20-min incubation by 589 -735% of control, while a similar mixture of PBDEs (DE-71) stimulated only 275-336% of control. These results indicate that PCBs are 2.2 times more potent than PBDEs on a weight basis. However, the approximate average molecular weight of Aroclor 1254 is 1.7 times less than DE-71. Hence, the difference in efficacy between PCBs and PBDEs decreased considerably on a molar basis as compared to weight basis. Additional studies with specific congeners are needed to address this differential efficacy/potency between PBDEs and PCBs. Although there are minor quantitative differences in the effects of PBDEs and PCBs, the effects were qualitatively similar. Since PBDEs are as ubiquitous as PCBs in human tissues (Ryan and Patry, 2000) and the levels of PBDEs are rapidly rising in North Americans (Betts, 2002) , PBDEs might pose a greater health risk in the future. Considering the structural similarity of PBDEs with PCBs ( Fig. 1) and the known health effects of PCBs, these two groups of chemicals may be working together, through the same mechanisms, to cause developmental neurotoxicity. Due to continued use of PBDEs in consumer products and the bioaccumulative nature of the PBDE congeners, toxicological consequence of exposure to PBDEs should be evaluated.
